Abstract: Post-translational modifications (PTM) are chemical changes mostly catalyzed by enzymes that recognize specific target sequences in specific proteins. These modifications play a key role in regulating the folding of proteins, their targeting to specific subcellular compartments, their interaction with ligands or other proteins, and eventually their immunogenic properties. Citrullination is the best characterized PTM in the field of rheumatology, with antibodies anticyclic citrullinated peptides being the gold standard for the diagnosis of rheumatoid arthritis (RA
Introduction
Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease mainly affecting synovial joints [1] . In about 40% of patients, extra-articular manifestations also occur, thereby worsening disease prognosis and increasing mortality [2] . Auto-antibodies (auto-Abs) represent a hallmark of the disease, and the first auto-Ab linked with RA, the rheumatoid factor (RF), was described in the late 1940s [3] . RFs are auto-Abs against antigenic determinants on the Fc fragment of IgG molecules and include not only IgM but also IgG, IgA, and IgE RF variants [4] . A fairly recent meta-analysis showed that RF displays a sensitivity of 71% and a specificity of 83%, with a positive likelihood ratio (LR) of 3.96 for the diagnosis of RA [5] . Furthermore, the presence of IgA RFs in RA patients is associated with rapidly progressive, more severe disease and bone erosion, while both IgG and IgA RFs are associated with systemic manifestations [4] .
A few years after the identification of RF, Nienhuis and Mandema reported that antibodies in sera from patients with RA reacted in a very specific way with keratohyalin granules present in buccal mucosa cells. A serological test based on this finding became known as the antiperinuclear factor (APF) test [6] . Almost 30 years later, Hoet and colleagues demonstrated that the perinuclear factor exactly colocalized with profilaggrin but failed to show that the antigen was identical to this protein [7] . Subsequently, the same investigators found that the antigen was not present in keratohyalin granules of cultured buccal mucosa cells, despite the presence of profilaggrin in these granules [8] . The evidence that filaggrin in fully differentiated buccal mucosa cells, in particular dead cells, is citrullinated, in contrast to profilaggrin in cultured living cells, is a milestone in the history of RA serology, marking the beginning of the era of antibodies against citrullinated proteins. Citrullination is one out of many post-translational modifications (PTMs) of proteins which are involved in physiological processes such as skin keratinization. A wide number of peptides could undergo PTMs, but the breakdown of tolerance to citrullinated peptides and eventually the development of auto-Abs against citrullinated proteins (ACPA) only occurs in predisposed individuals [9] . Furthermore, autoimmunity is only one consequence of increased citrullination, which can also lead to exposure of damageand/or pathogen-associated molecular patterns (PAMP/DAMP) that can eventually be used by pattern recognition receptors (PRR) to provide entry and immune evasion [10] . Increased citrullination of proteins has been observed not only in RA but also in other inflammatory conditions, such as multiple sclerosis and atherosclerosis, but also in Alzheimer's disease and tumorigenesis [11] .
Nowadays, the term 'citrullinome' encompasses the wide range of citrullinated proteins identified by proteome analysis from biologic samples of RA patients [12] . In addition, antibodies against proteins that underwent PTMs other than citrullination in RA patients are defined antibodies against modified proteins (AMPA).
The need for biomarkers facilitating early diagnosis and profiling those individuals at the highest risk for a poor outcome has become of crucial interest for rheumatologists.
In this review, we provide an overview of the scientific literature about the diagnostic and prognostic role of ACPA and AMPA in RA. In particular, we designed a comprehensive literature search on this topic, by a review of reported published articles in indexed international journals up until 31st April 2019, following proposed guidelines for preparing a biomedical narrative review [13] .
Antibodies against Citrullinated Proteins (ACPA)
Citrullination is a PTM catalyzed by the peptidylarginine deiminase (PAD) enzyme and inducing the conversion of arginine residues into the nonstandard aminoacid citrulline. To date, five isoforms of PAD have been identified. PAD1 and 3 are mainly expressed in the skin, PAD2 in the central nervous system and hematopoietic cells, and PAD4 and 6 in hematopoietic cells [14] . Citrullination causes the loss of a positive charge with a small change in the protein molecular mass, influencing the ability to form a hydrogen bond and ultimately the interaction with other aminoacid residues. Therefore, a citrullinated protein is fairly different from the original form, from a conformational and functional point of view. Although citrullination normally occurs in physiological processes, including skin keratinization, an increased expression of PAD genes on a genetic basis [15] and the creation of new immunogenic epitopes can induce an abnormal immune response in predisposed individuals [16] . ACPA are highly cross-reactive and bind a wide variety of citrullinated proteins, including citrullinated versions of enolase, fibrinogen, vimentin, collagen, and histones, among others [17] . Several studies identified such citrullinated proteins in RA synovial tissue, for example, citrullinated fibrinogen/fibrin [18] and citrullinated histones [19] . In addition, it is interesting to note that citrullinated fibrin is also present in the synovial tissue of patients with spondyloarthritis and psoriatic arthritis. This finding further reinforces the concept that protein citrullination is not specific of RA and does not necessarily leads to the development of ACPA [20] .
Citrullination can be induced by several stimuli, such as cigarette smoking and periodontitis caused, in particular, by Porphyromonas gingivalis [14] , the only known prokaryote expressing the PAD enzyme [21] .
Predictive and Diagnostic Role of ACPA
Sensitivity and specificity are important measures of the diagnostic accuracy of a test. Sensitivity is the ability of a test to correctly identify patients with the disease, while specificity is the ability of a test to correctly identify subjects without the disease. Sensitivity and specificity are inversely proportional, meaning that it is up to the operator to decide whether a high sensitivity or a high specificity is more suitable according to the purpose of the test. A highly sensitive test, if negative, rules out the disease, while a highly specific test, if positive, confirms the suspicion of the disease. The gold standard is the best single test (or a combination of tests) that is considered the current preferred method of diagnosing a particular disease. Any new diagnostic test needs to be compared to the relevant gold standard [22, 23] .
Citrullinated filaggrin was the first citrullinated protein identified in RA, and the first tests for the presence of these antibodies employed either linear citrullinated peptides or citrullinated filaggrin as an antigen. Although they showed excellent specificity, the sensitivities obtained were, in most cases, relatively low [24] . To increase the sensitivity of the citrulline-containing peptide ELISA tests, the peptides were made cyclic to adopt a structure in which the citrullinated epitope is more efficiently recognized by the patient's antibodies, with a sensitivity and specificity of 68% and 98%, respectively [25] . The first-generation anticyclic citrullinated peptide (CCP1) ELISA test used a filaggrin-derived cyclic peptide as the antigenic substrate. Subsequently, a peptide library screening of about 12 million peptides from dedicated synthetic peptide libraries was screened with RA sera, and the best citrullinated peptides were incorporated into a second-generation CCP test (CCP2). This test became commercially available in 2002 and is still recognized as the gold standard of testing for a type of ACPA, also called anti-CCP, in routine clinical practice [14] . The diagnostic relevance of anti-CCP is outlined by their inclusion, along with RF, in the 2010 American College of Rheumatology classification criteria for RA [26] . Importantly, not only their positivity but also their titer is taken into account, defining low-level positive values higher but ≤3 times the upper limit of normal (ULN) and high-level positive >3 times the ULN [27] . However, van der Linden et al. demonstrated that the presence of ACPA, irrespective of their titer, had a better balance between positive and negative likelihood ratios (LR) and between positive and negative predictive values (PPV and NPV, respectively) for RA development in 972 patients with undifferentiated arthritis (UA) [28] . These observations fit with the more recent data from Ten Brinck et al., who reported that ACPA levels were not associated with higher hazards for progression to clinical arthritis in 241 patients with clinically suspect arthralgia [29] . Furthermore, the additive value of ACPA assessment after testing for RF level was higher than vice versa [28] , and therefore, the authors proposed updating the 2010 RA criteria by including only ACPA and not assigning different weights to different titers.
Antibodies against citrullinated keratin and filaggrin (AKA) are still assessed with specific assays for research purposes with a sensitivity of 42%-72% and a specificity of 80%-98% based on the employed epitope [30] [31] [32] . The identification of novel citrullinated epitopes necessarily led to the commercialization of new ELISA kits and eventually to the investigation of how these tests behave in comparison with the CCP2 test [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] .
Vimentin is an intermediate filament fundamental for cell and, to date, two ELISA assays have detected auto-Abs against its citrullinated form. The first recognizes anticitrullinated vimentin (anti-Savoie/anti-Sa), while the second is directed against the mutated citrullinated vimentin (anti-MCV), a peptide where an arginine residue is replaced by a glycine residue [33] .
Anti-Sa auto-Abs display a fairly low sensitivity (37%-50%) but a good specificity (97%-99%) while anti-MCV display a wide range of values for each (39%-78.6% and 74%-100%, respectively), which does not allow judging its performance with reasonable certainty [30, 31, [47] [48] [49] . The coexistence of anti-MCV in the majority of patients with anti-CCP confirms that the assessment of the anti-MCV test in this cohort does not provide any additional diagnostic value [44, [47] [48] [49] [50] [51] . However, the presence of anti-MCV auto-Abs in patients with anti-CCP negative UA is highly predictive of RA development [50] .
The immunodominant citrullinated alpha enolase peptide-1 (CEP-1) was identified in RA synovium and SF in 2008 [52] and associated with specific auto-Abs isolated from RA joints [53] . Alpha-enolase 1 is a glycolytic isoenzyme that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate. Anti-CEP-1 auto-Abs behave similarly to anti-MCV concerning the coexistence with anti-CCP, so the large majority of RA patients are double positive [46] . In striking contrast, because only a very small proportion of patients with UA (<5%) displays anti-CEP-1 antibodies, their usefulness in predicting RA development is negligible [54, 55] . Glucose-6-phosphate isomerase (GPI) is another glycolytic enzyme, and antibodies against citrullinated-GPI, targeting different epitopes, have been described in RA [56] . However, when compared to anti-CCP, anti-MCV and anti-AKA, they display a poor specificity (<70%) [30] . Citrullinated fibrin is one of the most relevant autoantigens in the synovial tissue of RA patients [57, 58] . The ELISA test assessing anticitrullinated fibrinogen (hFibA) displays a sensitivity ranging between 48% and 73%, with a specificity up to 95% in established RA [59, 60] and a sensitivity of 32% with a specificity of 88% in predicting the progression to RA in UA [50] . Over the years, antibodies against a variety of citrullinated collagen epitopes have been described in patients with RA, showing a sensitivity of around 40% and a specificity of around 95% [31, 61] . Interestingly, Abs against citrullinated type I and II collagen telopeptides also display a predictive role, being observed in samples of RA patients for years before the onset of the disease [62] . It is worth mentioning that also some isoforms of PADs, the enzymes catalyzing citrullination, may represent a target antigen for auto-Abs in RA [63, 64] . Anti-PAD4 Abs are mainly present in anti-CCP positive patients and display a sensitivity ranging from 24% to 37% and a specificity of 95%-100% [47, 56, [65] [66] [67] , while anti-PAD3 display a very poor sensitivity with a specificity of around 88% [56, 67, 68] . To note, a subset of anti-PAD3 antibodies cross-reacts with anti-PAD4, and this has been associated with a specific clinical picture as outlined in the next paragraph.
Conflicting results have been reported regarding the actual relevance of detecting multiple ACPA specificities instead of the current gold standard (anti-CCP only) [30, 31, [47] [48] [49] [50] for diagnostic purposes in the suspicion of RA or to stratify RA patients. As far as the diagnostic aspect is concerned, most ACPA are detectable only in anti-CCP positive subjects; hence, additional costs to gather the same information are not justifiable in routine clinical practice. The identification of ACPA specificities that are present also in patients that do not display anti-CCP or RF but fulfill the other criteria for RA may open a new scenario and put the basis to reconsider the current approach (Table 1) .
With regard to subtyping RA patients, the question remains on how useful ACPA specificities can be to identify patients at higher risk of more severe disease (namely, erosive disease or extra-articular manifestation) and tailor the follow-up schedule and follow-up strategy accordingly. The next paragraph summarizes the available evidence in this field.
ACPA and Disease Activity, Bone Damage, and Extra-Articular Manifestations
Although the diagnostic role of ACPA, namely, anti-CCP, is well established, their pathogenic role in RA remains a matter of intense debate and investigation, since proof of pathogenicity requires both direct and indirect evidence that an autoimmune response causes pathology [69] . Given the cross-reactivity of ACPA and their capability to bind a large number of citrullinated proteins, along with the fact that the exact location of target antigens in RA is largely unknown, and the limitations of animal models of arthritis, we are still far from solid conclusions in this regard [70] . Interestingly, several studies demonstrated that in patients with a double positivity for both RF and anti-CCP, the disease is generally more severe, with a poorer prognosis, and therefore requiring more aggressive treatment [28, 71] . However, if the relationship between RF and disease activity is well established, this is not confirmed for ACPA, outlining the so-called 'ACPA paradox'. Therefore, while the paradigmatic belief that disease activity causes structural progression overtime in RA underpins the prognostic role of chronic inflammation, and therefore of RF as one of its triggers, the association of anti-CCP and progression of structural joint damage puts forward the hypothesis that seropositive disease in itself confers an independent risk for disease progression [72] . Nonetheless, other specific ACPAs seem to be associated with chronic inflammation and disease activity [47, 49, 50] , but their association with erosive disease is unclear. This is the case, for instance, of anti-Sa that are correlated to disease activity [47, 49] but data concerning the association with radiological articular damage are conflicting [48, 49, 61] , or anti-MCV that are correlated to disease activity, erythrocyte sedimentation rate (ESR), and C reactive protein (CRP), pro-inflammatory cytokine concentration, and erosive disease [44, 47, 49] . The same applies to anti-CEP-1 that were found associated with erosions in most [45, 54, 73] but not all [74] available studies. Furthermore, according to Alunno et al., this association was stronger in anti-CEP1 positive/anti-CCP2 negative compared to double positive patients [45] . As far as anti-PAD antibodies are concerned, both those targeting only the isoform 4 [75] [76] [77] and those that cross-react with isoforms 3 and 4 [68] have been linked to erosive disease. However, the latter seem to be a stronger determinant of erosive disease since the total Sharp van der Heidje score (SvdH) at baseline is higher in patients with anti-PAD3 cross-reactive antibodies not only compared to anti-PAD negative patients but also to anti-PAD4 positive patients [68] . Of interest, this association was independent of other predictors of erosive disease, such as anti-CCP positivity or presence of shared-epitope alleles.
Interstitial lung disease (ILD) is one of the most relevant extra-articular manifestations in terms of burden, with a prevalence ranging from 4 to 70% [78] and impact on disease prognosis [79] . The spectrum of RA-associated ILD encompasses mild reversible inflammatory conditions and severe rapidly progressing fibrotic diseases that represent one of the most common causes of death in RA patients, hence requiring prompt recognition and treatment [80] . RF positivity was identified as a trigger for ILD nearly 50 years ago [81] , and more recently, anti-CCP have also been associated with ILD [82] . Two recent studies demonstrated that anti-CEP1 antibodies are also associated with ILD [45, 73] and, interestingly, in the article by Alunno et al., the prevalence of RA-associated ILD was higher in patients with single positivity for anti-CEP-1 compared to those with single positivity for anti-CCP. The question remains on whether assessment of anti-CEP1 at the time of RA diagnosis may have a predictive role for occurrence and timing of ILD and therefore allow identifying patients at risk in order to start a thorough follow-up. Anti-PAD3/4 cross-reactive antibodies have also been associated with ILD [67] . Finally, with regard to other extra-articular manifestations, such as cutaneous vasculitis and rheumatoid nodules, an association with anti-MCV has been reported [83, 84] (Table 1) .
Antibodies against Modified Proteins (AMPA)

Antibodies Anticarbamylated Proteins
Carbamylation is a chemical PTM induced by the presence of cyanate in which the enzyme lysine carbamyltransferase catalyzes the carbamylation of a lysine residue into homocitrulline. In normal conditions, cyanate levels are too low to induce consistent carbamylation, but conditions like uremia, inflammation, and the exposure to cigarette smoke enhance cyanate levels [85, 86] . Auto-Abs targeting carbamylated proteins (CarP), in particular, carbamylated fetal calf serum (Ca-FCS), carbamylated fibrinogen (Ca-Fib) and carbamylated vimentin (CarbVim), have been identified in the sera of RA patients [87, 88] . According to a recent literature review, prevalence of anti-Ca-FCS in RA ranges from 34% to 53% [89] , while the prevalence of anti-CarbVim in RA is 48% [88] . Considering all anti-CarP Abs, the sensitivity is 18%-26% in patients prior to the diagnosis, and 27%-46% in patients with overt RA, while the specificity varies between 89% and 97% [51, 90] . Anti-CarP are often associated with anti-CCP and anti-Sa, and the titers of the three are directly correlated [51] , while only 6%-30% of seronegative RA patients are positive for anti-CarP (6-30%) [91] . Although only a small proportion of seronegative RA patients are positive for anti-CarP prior to diagnosis (11%), the presence of anti-CarP in patients with arthralgia or UA is a strong predictor of RA development regardless of the ACPA/RF status [92, 93] . Interestingly, the presence of anti-CarP before disease onset is also a prognostic factor with regard to erosive disease [90] . However, data regarding the correlation of anti-CarP and disease activity or erosive disease in patients with established RA are conflicting, although the majority of studies agree that they are associated with radiological damage [51, 90, 93, 94] (Table 1) .
Antibodies Antiacetylated Proteins
As outlined above, vimentin can undergo citrullination and carbamylation, thereby inducing an aberrant autoimmune response in RA. It was therefore investigated whether this protein could undergo other PTMs, and in 2016, Juarez et al. provided evidence of antiacetylated vimentin (AcetVim) antibodies in early RA [95] . It is interesting to note that while in patients with established RA, the proportion of patients with anti-AcetVim IgG is around 35% and significantly higher compared to patients with persistent non-RA arthritis, the prevalence anti-AcetVim IgA is absolutely overlapping in these two groups and is again about 35%. This leads to a consistent gap in terms of specificity which is 86.2% for IgG and only 64.7% for IgA.
When considering the co-expression of anti-AcetVim IgG or IgA according to the anti-CCP status, it can be noted that anti-CCP negative patients behave similarly to persistent non-RA arthritis, with a prevalence of IgG significantly lower compared to anti-CCP positive patients [95] . Likewise, no difference in the prevalence of anti-AcetVim IgA can be observed between anti-CCP positive and anti-CCP negative patients. Although these are the first demonstration of such reactivity in RA, additional studies investigating other acetylated targets are needed to identify auto-Abs with a diagnostic relevance in seronegative RA (Table 1) . RA, rheumatoid arthritis; Se, sensitivity; Sp, specificity; ILD, interstitial lung disease; Y, yes; N, no; nd, no data reported; CCP, cyclic citrullinated peptide; MCV, mutated citrullinated vimentin; CEP, citrullinated alpha enolase peptide; GPI, glucose-6-phosphate isomerase; hFIbA, citrullinated fibrinogen; CitCol, citrullinated collagen; PAD, peptidylarginine deiminase; CarP, carbamylated proteins; AcetVim, acetylated vimentin.
Conclusions and Future Perspectives
In the late 1990s, the discovery that citrullinated proteins are targeted by auto-Abs, called ACPA, revolutionized the field of research in RA. Citrullination is one out of many post-translational modifications (PTMs) of proteins, and over the last decades, an increasing number of studies revealed that a wide number of peptides could undergo PTMs in predisposed patients, including several other PTMs such as carbamylation and acetylation, leading to the development of novel epitopes and eventually auto-Abs against them. Conflicting results have been reported regarding the actual relevance of detecting multiple ACPA specificities instead of the current gold standard (anti-CCP2 only) in the suspicion of RA. Moreover, additional studies are required to evaluate the utility of ACPA and AMPA specificities in stratifying RA patients at the time of diagnosis, to tailor the follow-up schedule and follow-up strategy. In this regard, it is compelling that unlike in the past, every study reports sensitivity and specificity of the assay rather than only the prevalence of novel auto-autoantibodies in order to allow a proper comparison with anti-CCP. Finally, the search must continue to determine whether biomarkers ACPA and AMPA have a direct pathogenic role in arthritis or whether these antibodies more simply reflect underlying T-and B-cell responses without directly impacting on joint inflammation and damage.
